A common feature of many neurodegenerative diseases is the accumulation of 2 toxic proteins that disrupt vital cellular functions. Degradative pathways such as 3 autophagy play an important protective role in breaking down misfolded and 4 long-lived proteins. Neurons are particularly vulnerable to defects in these 5
An alternative strategy to understanding neurodegeneration involves a 10 forward genetics approach, by screening for mutations that result in progressive 11 neurodegeneration to uncover neuroprotective mechanisms that may have 12 further implications for human neurodegenerative diseases. We previously 13 reported a collection of temperature-sensitive (ts) paralytic mutants that is 14 enriched for mutants showing progressive, age-dependent neurodegeneration 15 (PALLADINO et al. 2002) . We have found that other locomotor mutants in our 16 collection also exhibit neurodegeneration. Analysis of these mutants has 17 uncovered several novel neuroprotective functions, ranging from regulation of 18 metabolic processes to regulation of the innate immune response (CAO et al. 19 2013; GNERER et al. 2006; MILLER et al. 2012; PALLADINO et al. 2003) . 20
Here we show a neuroprotective role for NSF1 using ts comatose (comt) 21 mutants, which were originally identified in a screen for ts-paralytic mutants 22 (SIDDIQI and BENZER 1976) . comt encodes N-ethyl-maleimide sensitive fusion 23 
2001; TOLAR and PALLANCK 1998). 8
Despite its role in synaptic transmission, we find that the neuroprotective 9
function of NSF1 appears to operate via a distinct mechanism. Specifically, we 10 find that NSF1 is required to maintain autophagy during periods of stress. 11
Autophagy is a degradative process whereby misfolded proteins, aggregates, 12 organelles, and other cellular materials are engulfed by autophagosomes, which 13 then fuse with lysosomes where the contents are degraded and recycled 14 recycling of SNARE complexes following fusion and its dependence on NSF1 is 23 as important for these neuroprotective functions as for rapid transmitter release 1 in synaptic transmission has not previously been addressed. By investigating the 2 neuroprotective role of NSF1 in Drosophila and determining which particular 3 mechanisms are particularly sensitive to proper NSF1 function, we have further 4 elucidated key steps required for maintenance of neuronal integrity that may 5 ultimately fail in some neurodegenerative diseases. 6 7
MATERIALS & METHODS 8

Fly Stocks 9
Canton-S was used as a wild-type control. 
Imaging and quantification 5
Images were obtained on a Leica LSM 500 confocal microscope. Serial 1 µm z-6 stacks were obtained for each image using a 20x NA 10.8 or 63x NA 1.4 oil 7 objective. Brightness and contrast were adjusted using ImageJ Software (NIH) 8
and Adobe Photoshop CS5 (Adobe). 9 Dopaminergic neurons were counted as previously described (BARONE and 10 BOHMANN 2013; WHITWORTH et al. 2005) . Briefly, dissected brains were mounted 11 between two glass coverslips to aid in visualization of PPL1 neurons. The 12 number of neurons in each cluster was assessed with the scorer blind to the 13 genotype and condition of each sample. 14 15
Starvation 16
Flies were collected shortly after eclosion and placed in groups of ten in 17 individual vials. 10 vials (100 flies) were used per genotype. Flies were raised 18 on standard fly media for two days, and then transferred to empty vials lined with 19 water-soaked filter paper to prevent desiccation. Flies were transferred to fresh 20 vials every 8 hours, and the percentage of flies surviving was recorded. For the 21 larval starvation, early third-instar larvae were collected and placed in a 20% 22 sucrose solution for 6 or 12 hours. 23
Western blotting 1
Two adult flies of each genotype were homogenized using 20 µl homogenization 2 buffer (100 mM Tris-HCl, pH 6.8, 2% SDS). The homogenate was then boiled for 3 10 min, and centrifuged at 21,000 g for 10 min to remove debris. 5 µl of each 4 sample were run on a 10 % acrylamide gel. Western blots were probed with 5 mouse anti-Cathepsin-L at 1:5000 (R&D Biosystems) and goat anti-actin at 6 1:1000 (Santa Cruz Biotechnology, Inc). Protein levels were quantified using an 7
Odyssey Imaging System (Li-Cor) by normalizing band intensities to the level of 8 actin. Experiments were repeated at least 3 times. 9
10
Statistical Analysis 11
Significance for lifespan and starvation survival curves was analyzed using the 12 lifespans ranging from 2-4 days, compared with over 30 days for controls (Fig.  5   1A) . When raised at room temperature (22°), comt mutants also displayed 6 shortened lifespan compared with controls, but the phenotype was much more 7 mild (Fig. 1B) . These results are consistent with the idea that comt mutants have 8 an underlying unconditional impairment other than a synaptic transmission 9 defect, with the consequences of this impairment becoming more severe under 10 the stress of elevated temperature. In parallel with the shortened lifespan, we 11 also observed progressive neurodegeneration in comt mutant brains. This 12 neurodegeneration was assessed in histological sections as vacuolar pathology 13 in the neuropil after 48 h exposure to 29° (Fig. 1C-F) . 14 Along with neurodegeneration, comt mutants also displayed a marked 15 decrease in climbing ability ( Fig. 2A ). All comt alleles tested showed significantly 16 reduced climbing as early as 12 hours after shifting to 29°, with a complete lack 17 of climbing ability by 24 hours even though the restrictive temperature for 18 paralysis is about 38°. The most severe allele, comt TP7 , had a moderate climbing 19 defect even before shifting to 29°, again indicating an underlying mutant defect 20 that is independent of temperature. 21
To investigate neurodegeneration in comt mutants in more detail, we 22 asked whether specific populations of neurons were preferentially lost. Because 23 dopaminergic (DA) neuron loss is strongly correlated with locomotor dysfunction, 1 including impaired climbing ability in Drosophila (FEANY and BENDER 2000), we 2 first tested whether DA neurons are among those lost in comt mutants. DA 3 neurons are found in distinct clusters throughout the central brain of Drosophila. 4
Several of these clusters, particularly on the posterior side of the brain, contain 5 relatively small numbers of neurons, making them amenable to counting (Fig.  6 2B). We found that several DA neurons in the protocerebral posterial lateral-1 7 (PPL1) cluster were lost in comt mutant brains after 48 h at 29° (Fig. 2C-G (MCGUIRE et al. 2003) and raising the flies at 18° until eclosion, 3 after which flies were shifted to 29° to inactivate Gal80. We found that 4 expression of UAS-Kir2.1 had no effect on the viability of DA neurons (Fig. 3A) , 5
although it did disrupt climbing ability (Fig. 3B ). This result suggests that a defect 6 in synaptic transmission alone in DA neurons is capable disrupting signaling of 7 these neurons, but is not sufficient to cause their loss. 8
Additionally, if neurodegeneration and shortened lifespan in comt were 9 due to impaired recycling of SNARE complexes involved in synaptic 10 transmission, we would expect the phenotype to be exacerbated in combination 11 with hyperexcitability mutants, as the pool of fusion-competent vesicles would be 12 depleted more rapidly. However, we found that comt; sei ts2 double mutants 13 . Together, these data suggest that the neurodegeneration observed in 2 comt mutants is likely to involve a mechanism other than synaptic transmission. 3
We also tested whether known binding partners of NSF1 modify the 4 shortened lifespan and neurodegeneration phenotypes we observed. One such 5 protein is α-SNAP (CLARY and ROTHMAN 1990) which serves as an adaptor 6 between NSF1 and various SNARES. We found that the shortened lifespan of 7 comt mutants is dominantly enhanced by SNAP I65 (BABCOCK et al. 2004 ), which 8 significantly lowered the median lifespan (Fig. 3F ). This observation suggests 9 that the neuroprotective role of NSF1 is still likely to involve SNARE-mediated 10
processes. 11
Because comt mutants affect viability of DA neurons, which also undergo 12 degeneration in Parkinson's Disease models, we tested whether the 13 neuroprotective role of NSF1 intersects with one of these models. Expression of 14 human α-synuclein in DA neurons results in progressive neurodegeneration 15
(AULUCK et al. 2002). This neurodegeneration is rescued by co-expression of 16
Heat-Shock Protein-70 (HSP70), which belongs to the AAA family of ATPases 17 and is involved in protein quality control mechanisms. Since NSF1 is a member 18 of the same family of ATPases, we tested whether NSF1 could also rescue α- (Fig. 4D ). To rule out the possibility that this suppression is due to the 1 presence of multiple UAS-linked transgenes that titrate Gal4 levels and limit α-2 synuclein expression, we also co-expressed α-synuclein with UAS-GFP. In this 3 case, the loss of DA neurons was identical to expression of α-synuclein alone 4 (Fig. 4E) , supporting the hypothesis that it is the expression of UAS-NSF1 that 5
alleviates α-synuclein-induced toxicity. fusion with a lysosome can be seen by the loss of GFP fluorescence, leaving 11 RFP+ puncta. We expressed this reporter in the larval fat body in wild type and 12 comt mutants using the CG-Gal4 driver, and found that fed larvae displayed 13 minimal autophagic flux (Fig. 5B,C) . After 3 hours of starvation, the induced 14 autophagy response is near its peak, with several fusion events visible per cell 15 (Fig. 5D ,E, arrowheads). It is noteworthy that the initial response in comt 16 mutants is indistinguishable from that of controls, suggesting that comt mutants 17 are capable of normal induction of autophagy. We also monitored autophagic 18 flux after longer periods of starvation. After 12 hours, autophagic flux in wildtype 19 larvae is still strong. However, autophagic flux in comt mutants at this point has 20 greatly diminished (Fig. 5F,G) . In fact, we found a complete absence of 21 autophagosomes at this point, suggesting that membrane recycling required for 22 the formation of new autophagic compartments could be defective in comt. The 23 fact that autophagic flux is only impaired in comt mutants following prolonged 1 stress suggests that the defect is not with the induction of autophagy, but rather 2 with sustaining it under periods of stress. This explanation is consistent with the 3 role of NSF1 in synaptic transmission, where neurotransmission is normal until 4 prolonged activity caused a depletion of recycled SNARE complexes for 5 subsequent rounds of fusion (LITTLETON et al. 2001; SANYAL et al. 2001) . 6
In addition to the tandem-tagged reporter, we also monitored autophagy 7 using Lysotracker, a pH-sensitive dye often used to label lysosomes or 8 autolysosomes (BERRY and BAEHRECKE 2007; SCOTT et al. 2007 ). In fed larvae, 9
there was minimal staining with Lysotracker both in comt mutants and in wild-10 type controls (Fig. 5H,I ). After a 12-hour starvation period, however, robust 11 staining could be seen both in comt mutants and in control samples but with 12 some important differences between the two genotypes (Fig. 5J,K) . Notably, 13 there appeared to be fewer, although much larger lysosomes in comt mutants 14 (Fig. 5J-L (Fig. 5G) . Alternatively, lysosomal enlargement could be a form of 20 compensation that attempts to increase lysosomal capacity in response to the 21 decrease in the autophagy. These data provide further support for the idea that 22 comt mutants are defective in the critical events necessary to sustain autophagy. with TH-Gal4, along with a UAS-dicer2 transgene to enhance RNAi knockdown. 8
Knockdown of NSF1 in DA neurons caused a loss of neurons after 48 h 9 exposure to 29° comparable to that observed in comt mutants (Fig. 6A ). This 10 observation indicates that the role of NSF1 in the loss of DA neurons is cell-11 autonomous. We found a similar loss of DA neurons when expressing UAS-12
Atg5
RNAi , showing that a reduction in autophagy is sufficient to cause 13 degeneration of DA neurons. We also tested knockdown of three SNARE 14 proteins recently discovered to be required for the fusion of autophagosomes to 15 late endosomes and lysosomes (TAKATS et al. 2013 ) for their effects on DA 16 neuron survival. We found that knocking down Syntaxin17, ubisnap, or VAMP7 17 using TH-Gal4 resulted in loss of DA neurons (Fig. 6A) demonstrating that 18 activity of these SNARE proteins required for autophagy are necessary to 19 maintain viability of DA neurons. 20
Taken together, the results presented so far support the idea that 21 degeneration of DA neurons in comt mutants results from a defect in some step 22 in autophagy. To test this hypothesis, we monitored autophagic flux directly in 23 DA neurons by expressing the UAS-mCherry-GFP-Atg8a reporter using the TH-1 Gal4 driver. Because DA loss in comt mutants is evident by 48 h at 29°, we 2 examined whether there was a decrease in autophagic flux at earlier time points. 3 When flies were maintained at room temperature, we noted autophagic flux in 4 nearly all neurons both in comt mutants and controls (Fig. 6B,C,F) . We saw 5 similar autophagic activity when control flies were placed at 29° for 36 hours (Fig.  6   6D) . In comt mutants, however, we found that approximately 30% of DA neurons 7
showed little to no autophagic activity (Fig. 6E, arrow) . Importantly, the 8 percentage of neurons lacking autophagic activity closely matches the 9 percentage of those ultimately lost in comt mutants (Fig. 6F and Fig. 2G ). From 10 these observations, we conclude that a decrease in autophagic flux precedes 11 neurodegeneration of DA neurons in comt mutants. 12
Lysosomal trafficking is disrupted in comt mutants 13
As described above, Lysotracker staining indicated that acidification of 14 lysosomes was normal (Fig. 4K ), but this technique does not measure the 15 degradative capacity of the lysosomes. Therefore, to determine more precisely 16 the step at which autophagy could be disrupted, we examined lysosomal 17 trafficking in comt mutants using pan-neuronal expression of a LAMP1-GFP 18 (Fig. 7A) . In comt brains, however, we found 22 widespread accumulation of LAMP1-GFP throughout the brain (Fig. 7B) . The 23 failure to efficiently degrade the GFP signal indicates that lysosomal trafficking is 1 impaired in comt mutants. 2
The ability of lysosomes to carry out their degradative functions depends 3 on the delivery of cargo, including cathepsins (FUTERMAN and VAN MEER 2004) . 4
Cathepsins are lysosomal proteases that are synthesized in a higher molecular 5 weight pro-form, which then undergo proteolytic cleavage into a mature form in 6 acidic compartments such as autophagosomes or lysosomes (LEE et al. 2010) . 7
The pro-and mature-forms of cathepsins, such as Cathepsin-L, can be easily 8 distinguished on a western blot, providing a measurement of trafficking of 9 cathepsins to the lysosome. We found that mature Cathepsin-L was reduced by 10 approximately 75% in comt mutants (Fig. 7C,D) , which is consistent with 11 impaired delivery to the lysosome. If production of mature Cathepsin-L is 12 reduced, this might be expected to result in excess accumulation of the 13 uncleaved pro-form of Cathepsin-L. We did not observe this increase but instead 14 found a decrease in Pro-Cathepsin L in comt mutants (Fig. 7C) . However, 15 compared with wild-type controls, the decrease in Pro-Cathepsin-L levels in comt 16 was less than that of the mature form (Fig. 7D,E ) and the ratio of the pro-form to 17 the mature-form is significantly higher in comt mutants (Fig. 7E) . While the 18 reason for lower levels of mature Cathepsin-L are unclear, there may be a 19 decrease in synthesis or stability of the pro-form, in addition to the defect in 20
Cathepsin-L trafficking in comt mutants. Taken together, these data suggest that 21 trafficking of lysosomal proteases is impaired in comt mutants, which accounts at 22 least in part for the diminished degradative capacity of lysosomes in these 1
The occurrence of progressive neuronal loss, particularly of DA neurons, 5
in comt mutants has enabled us to uncover and characterize a novel 6 neuroprotective role for NSF1. comt mutants display stress-induced locomotor 7 defects, severely shortened lifespan, and neurodegeneration. This the widespread accumulation of LAMP1-GFP throughout the brain (Fig. 7B) , 1 reveals that disruption of lysosomal degradation is not limited to DA neurons. 2 Thus, it will be interesting to examine the consequences of decreased NSF1 3 function in various other subsets of neurons and to determine whether DA 4 neurons are for some reason more susceptible to impairments in autophagy and 5 lysosomal trafficking. If so, we anticipate that association studies for Parkinson's 6
Disease in humans will eventually uncover hits in genes affecting these 7 pathways. In this context, it is also of interest that overexpression of NSF1 8 rescues α-synuclein-induced toxicity of DA neurons in a fly model of Parkinson's 9
Disease. 10
Although our results indicate that neurodegeneration in comt mutants is 11 not a secondary consequence of impaired synaptic transmission, there are 12 similarities in the role of NSF1 between the two processes. For example, NSF1 13 is critical for the recycling of SNARE complexes involved in synaptic 14 transmission, allowing for subsequent rounds of fusion. Similarly, there are a 15 number of SNARE-dependent fusion events required for efficient endolysosomal 16 signaling. These include the trafficking of lysosomal proteins, as well as the 17 fusion between autophagosomes and lysosomes. Our results suggest that 18 recycling of these SNARE complexes requires NSF1 for disassembly and that 19 disassembly is required to allow subsequent rounds of fusion. This idea is 20 consistent with our demonstration that α-SNAP as well as the SNARE proteins 21 Syntaxin17, ubisnap, or VAMP7, are also required to maintain viability of DA 22
neurons. 23
We have demonstrated that trafficking of Cathepsin-L, a lysosomal 1 protease, is disrupted in comt mutants. Although this disruption is likely to 2 contribute to the observed defects in autophagic degradation in comt mutants, it 3 should be emphasized that Cathepsin-L merely serves as a convenient marker to 4 assess lysosomal trafficking. There is no reason to believe that trafficking of this 5 protein is specifically impaired by comt or that this impairment alone is 6 responsible for the observed defects in neuronal maintenance in comt mutants. 7
Indeed, it is likely that trafficking of many, if not most, proteins required for 8 autophagic degradation is disrupted in comt mutants. As such, it is difficult to 9 determine the primary defect in comt mutants because there are numerous 10 fusion events involved, all of which are likely to require NSF1 for recycling. Thus, 11 comt mutants exhibit deficits at multiple stages of the degradative pathway. The 12 earliest problems to arise would likely be fusion events involving SNAREs with 13 the smallest available pool, or those that require the most frequent recycling. 14 There is still much to be discovered about which SNARE proteins are 15 In summary, our results demonstrate a neuroprotective role for NSF1, 1 which is required to maintain autophagy under stress. Our findings highlight the 2 requirement of recycling SNARE complexes to maintain the integrity of 3 degradative pathway, and advance our understanding of the cellular mechanisms 4 that may underlie a number of neurodegenerative disorders. 5 6
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